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Host-microbial interactions play a critical role in CRS disease initiation and perpetuation. This article aims to summarize knowledge of host-microbial interactions elucidated in relation to normal sinus physiology and pathology of patients with chronic rhinosinusitis (CRS), including the subsets regarded as chronic rhinosinusitis without nasal polyps (CRSsNP), chronic rhinosinusitis with nasal polyposis (CRSwNP), and allergic fungal rhinosinusitis (AFRS).[@bib1]

Most studies of innate immunity and host-microbial interactions in patients with CRS have focused on patients with "refractory" or "recalcitrant" disease. Refractory CRS has been defined on the basis of failure to stabilize after surgery, antibiotics, saline rinses, and topical steroid treatment.[@bib2] Somewhat differently, "recalcitrant CRS" has been defined based on recurrence of nasal polyps (NPs) after polyp surgery.[@bib3] These definitions are noteworthy because patients with refractory polyposis, for example, might have more evidence of infection, whereas patients with recalcitrant polyposis might have little or no evidence of infection but more evidence for maladaptive T~H~2-biased mucosal inflammation.

Microbiology of CRS {#sec1}
===================

Role of viruses {#sec1.1}
---------------

Viral upper respiratory tract infections are potentially highly relevant to CRS. The average healthy adult person experiences 1 to 3 common colds per year (<http://www.niaid.nih.gov/topics/commoncold/pages/overview.aspx>). In healthy subjects the onset and time course of cold symptoms and levels of viral mRNA detectable in nasal secretions over 21 days have been mapped out after experimental rhinovirus infection.[@bib4], [@bib5] Patients with asthma or chronic obstructive pulmonary disease manifest a significantly higher peak rhinovirus 16 viral load and duration of symptoms. Asthmatic patients also manifest a corresponding 10-fold decreased induction of type I (β) and type III (λ1 and λ2/3) interferons.[@bib6] Given the similarities between asthma and CRS at the tissue level and the fact that many CRS exacerbations occur during the viral season,[@bib7] it is plausible that a similar defect exists in patients with CRS. However, experimental rhinovirus infection has not been studied in patients with CRS. The innate antiviral response to rhinovirus infection involves activation of type I interferons through interferon-regulatory factor 1 gene activation, an increase in nitric oxide (NO) production, and epithelial production of human β-defensin (hBD) 2, IL-8, and RANTES.[@bib8], [@bib9] IL-17A was found to augment production of hBD-2 and IL-8 but downregulate production of RANTES in this model. The chemokine CXCL10 (interferon-inducible protein 10) is also induced.[@bib10]

There has not been a study of the incidence of rhinovirus infection in patients with CRS. A study by Jang et al[@bib11] reported that 21% of patients with CRS have detectable rhinovirus infection. This study examined nasal lavage fluid and turbinate epithelial cells (collected with a Rhino-probe mucosal curette; Rhino-Probe, Arlington Scientific, Arlington, Tex) from 39 patients with CRS and 27 healthy control subjects (HCs). Using an RT-PCR--based assay, they found that lavage fluid from all patients with CRS and HCs and turbinate epithelial cells from HCs were negative for picornavirus, whereas 8 (21%) of 39 epithelial cell samples from patients with CRS were positive. Further examination revealed that all 8 patients with CRS with positive results had positive results for rhinovirus. It is unclear whether these represented subclinical infections because patients were studied at only 1 time point.

In an *in vitro* experiment Wang et al[@bib12] infected NPs and nasal turbinate epithelial cells from 16 patients with CRSwNP and sphenoid sinus and turbinate epithelial cells from 19 HCs with rhinovirus (rhinovirus 16). No significant differences in rates of infection or induction of IL-6 or IL-8 were found.[@bib12] Our group found that cultured airway epithelial cells from patients with CRSsNP had an exaggerated response to stimulation with the combination of double-stranded RNA (a Toll-like receptor \[TLR\] 3 agonist and surrogate for viral infection) plus cigarette smoke extract, with exaggerated production of RANTES and hBD-2.[@bib13]

Finally, although studies are quite limited, there is a lack of evidence for persistence of viral infection in patients with CRS. Again using PCR methodology, Wood et al[@bib14] found no evidence for common respiratory tract viruses, including parainfluenza 1, 2, and 3; respiratory syncytial virus; human metapneumovirus; adenovirus; rhinovirus; coronavirus; bocavirus; cytomegalovirus; or influenza A or B virus in sinus mucosal samples from 13 patients with CRS.[@bib14]

Whether upper respiratory tract viruses could contribute causally to the inception of CRS analogous to their hypothesized role in asthma pathogenesis remains unexplored.[@bib15]

Bacterial involvement in patients with CRS {#sec1.2}
------------------------------------------

### Bacteriology of CRS determined by using conventional culture techniques {#sec1.2.1}

Studies with conventional culture techniques in children with CRS cultured in the absence of antibiotic treatment reported positive cultures in roughly 60% of cases, with the most common pathogens being *Haemophilus influenzae*, *Streptococcus pneumoniae*, and *Moraxella catarrhalis* (reviewed by Meltzer et al[@bib1]). Studies by Brook et al[@bib16], [@bib17] using special techniques to optimize recovery of anaerobic bacteria identified these bacteria in roughly 80% of children with CRS.

Prospective studies in adults identified a positive bacterial culture in a variable percentage of patients with CRS (reviewed by Meltzer et al[@bib1]). Coagulase-negative *Staphylococcus* species was the most common aerobic isolate in several studies, often accompanied by *Staphylococcus aureus* and viridians streptococci. Organisms associated with acute bacterial rhinosinusitis were cultured in some cases. In several studies gram-negative enteric rods, including *Pseudomonas aeruginosa*, *Klebsiella pneumoniae*, *Proteus mirabilis*, *Enterobacter* species, and *Escherichia coli* were also isolated. These organisms are rarely found in middle meatus cultures from healthy subjects. More recent studies of intraoperative sinus cultures with simultaneous analysis of cultures and biofilm reported positive cultures in 72.6% to 80% of cases, with a predominance of *S aureus* and *P aeruginosa* in the isolates.[@bib18], [@bib19], [@bib20]

The frequency with which anaerobic organisms have been recovered from adults with CRS has varied widely, with anaerobes found mainly by investigators using special techniques to optimize their recovery.[@bib21], [@bib22] Several species, including pigmented *Prevotella*, *Fusobacterium*, *Bacteroides*, and *Peptostreptococcus* species, were isolated. In support of a role for anaerobic bacteria in chronic maxillary sinusitis, Finegold et al[@bib22] found recurrence of signs and symptoms to be twice as frequent when cultures yielding anaerobic bacterial counts of greater than 103 cfu/mL. Further supportive evidence came from the detection of IgG antibodies to anaerobic organisms commonly recovered from sinus aspirates, namely *Fusobacterium nucleatum* and *Prevotella intermedia*. Antibody levels to these organisms decreased in the patients who responded to therapy but did not decrease in those in whom therapy failed.[@bib23] Recent studies with molecular techniques have shed new light on the potential role of anaerobes in patients with CRS (see below).

### Role of atypical bacterial infection in patients with CRS {#sec1.2.2}

Studies with conventional culture techniques or molecular techniques to overcome issues of detection of nonculturable bacteria suggest that atypical mycobacterial infection is rare in patients with CRS but should be sought in patients with refractory CRS (see additional text in this article\'s Online Repository at [www.jacionline.org](http://www.jacionline.org){#intref0020}).

### Bacterial biofilm in patients with CRS {#sec1.2.3}

Biofilm formation is an important survival mechanism for microorganisms through attachment to surfaces.[@bib24] Formation of biofilm is a complex process controlled by different genetic pathways depending on growth conditions and exposure to membrane-targeting antibiotics.[@bib25] Furthermore, biofilm-associated bacteria are known to have enhanced resistance to antimicrobial agents relative to floating (planktonic) bacteria.[@bib26] Biofilm formation on sinonasal mucosal surfaces was first described in 2004[@bib27] and later in several other studies.[@bib28], [@bib29], [@bib30], [@bib31], [@bib32], [@bib33]

Multiple techniques for biofilm detection have been described and are discussed in the additional text in this article\'s Online Repository. [Table E1](#tblE1){ref-type="table"} in this article\'s Online Repository at [www.jacionline.org](http://www.jacionline.org){#intref0025} summarizes the results of several studies of biofilm (including fungal biofilm) in patients with CRS, including the techniques used for biofilm identification. Most studies have not subcategorized patients as having CRSsNP, CRSwNP, AFRS, or eosinophilic mucin chronic rhinosinusitis (EMCRS). One study[@bib34] found biofilm to be present in only 2 of 12 patients with NPs, a lower prevalence than reported in most other studies of CRS. When the studies using scanning electron microscopy (SEM), transmission electron microscopy (TEM), or confocal scanning laser microscopy (CSLM) are taken in total (excluding the study confined to patients with NPs), the prevalence of biofilm in the CRS case series summarized in [Table E1](#tblE1){ref-type="table"} was 56.3%.

### Is the presence of biofilm of prognostic value? {#sec1.2.4}

The presence of bacterial biofilm, as determined by using CSLM, was found to be associated with more severe sinus disease preoperatively (worse radiologic and symptom scoring) and worse sinus symptom and nasal endoscopy scores 16 months after surgery.[@bib30], [@bib35] Single-organism *H influenzae* biofilm was associated with mild clinical and radiographic disease and normalization of sinus mucosa a short time after surgery. In contrast, polymicrobial biofilm or biofilm containing *S aureus* was associated with more severe disease and a poorer postoperative course.[@bib36] The presence of bacterial biofilm was strongly associated with persistent mucosal inflammation after endoscopic sinus surgery (53% of biofilm-positive patients vs 0% of biofilm-negative patients).[@bib31] One study showed that the likelihood of detecting bacteria with biofilm-forming capacity increases in relation to prior endoscopic sinus surgery, possibly reflecting the severity of their disease.[@bib37] Similarly, Zhang et al[@bib38] found an association of biofilm forming-capacity *in vitro* from clinical samples with prior sinus surgeries and nasal steroid use in the month before sample collection but no association with the presence of NPs, allergy, or Samter triad and an association with positive culture results at least suggesting that biofilm might be of greater relevance in patients with nonpolypoid CRS. In summary, these studies suggest that that mucosal biofilm is a marker of more severe mucosal disease and a predictor of poorer outcome after sinus surgery. On the basis of animal models of rhinosinusitis, biofilm formation might reflect the severity, chronicity, or both of sinus infection.[@bib39]

### Intracellular bacteria in patients with CRS {#sec1.2.5}

Intracellular intraepithelial *Staphylococcus aureus* (IESA) was first reported in sinus epithelium by Corriveau et al[@bib40] using a peptide nucleic acid fluorescence *in situ* hybridization (FISH) assay. In this study IESA was found in the epithelium of patients with CRS but was also seen in some HCs, raising the question of its pathologic significance. In a recent study using a similar *S aureus* FISH probe with propidium iodide counterstain and CSLM, IESA was detected in 56% of patients with CRS undergoing sinus surgery but none of 8 HCs.[@bib41] Simultaneous analysis revealed the presence of *S aureus* biofilm in 100% of the IESA-positive tissues and 50% of the tissue from IESA-negative patients with CRS. The CSLM-FISH/propidium iodide technique has the advantage of being able to detect IESA and *S aureus* biofilm in the same tissue sample.[@bib41], [@bib42]

Presently, it is unclear whether the presence of IESA has any prognostic or pathologic significance beyond that afforded by the presence of biofilm, and there are no studies linking the presence of IESA to any specific defects in epithelial innate immunity.

### Bacteriology of patients with CRS using molecular techniques {#sec1.2.6}

The evolving view of bacterial involvement in patients with CRS has expanded beyond that of infection with individual pathogens to considerations of increased bacterial burden, biofilm formation and alterations in the microbial community (ie, the microbiome).

The microbiome is the universe of culturable and nonculturable microorganisms present in a specific ecologic niche, such as the gastrointestinal tract or the sinus mucosa. Analysis of the microbiome has gained much recent attention as a novel means of studying host-microbial relations in various organs, including the respiratory tract and sinuses. This has been made possible by the advent of broad-platform molecular techniques, including microarrays and sequencing methods, allowing for identification of the full microbiome based on microbial RNA. The most commonly used technique is pyrosequencing to identify bacterial species based on the conserved 16S eubacterial 16S ribosomal gene.[@bib43] Techniques to study the microbial community are rapidly emerging but include methods to quantify bacterial diversity, representation of specific bacterial species, and bacterial "load" or "burden."

Stephenson et al[@bib20] used pyrosequencing with modified 16S eubacterial primers to amplify the 600-bp region of 16S rRNA genes. Eighteen patients with CRS (83% with NPs) were compared with 9 control subjects. Conventional cultures identified bacterial growth in 82% of patients with CRS (the percentage positive in control subjects was not mentioned), with an average of 1.4 isolates per sample. In contrast, the results of pyrosequencing were positive in 100%, with a mean of 10 and a range of 1 to 20 isolates per sample. The most prevalent organisms in patients with CRS were anaerobic bacteria, *Diaphorobacter* and *Peptoniphilus* species, whereas coagulase-negative *Staphylococcus* species were identified in 50% of samples. *S aureus* and *Corynebacterium* and *Propionibacterium* species were also identified in control subjects.

Feazel et al[@bib44] obtained middle meatus swabs and compared bacterial culture and pyrosequencing results in 15 patients with CRS (including 2 with NPs) versus 5 HCs. Standard bacteriologic cultures were positive for all 15 patients with CRS and 5 HCs, with an average of 2.8 isolates reported per subject (range, 1-5 isolates). No statistically significant differences were found between the number of isolates obtained from patients with CRS and control subjects. The most commonly cultured organisms were coagulase-negative staphylococci (75%), *S aureus* (50%), and *Propionibacterium acnes* (30%). By using pyrosequencing, the most prevalent DNA sequence types detected were coagulase-negative staphylococci (100%), *Corynebacterium* species (85.7%), *P acnes* (76.2%), and *S aureus* (66.7%). In general, cultured organisms comprised less than 15% of the organisms identified by means of sequencing, but bacteria identified by using culture were identified by means of pyrosequencing in most cases. Some of the nonspecific CRS culture results, such as "mixed gram-negative rods," were associated with pyrosequencing detection of moderate mixed anaerobes representing 75% of the total sequences identified. This confirms a long-held contention of some investigators that studies reporting a low prevalence of anaerobes in CRS samples might have had methodologic flaws related to sample collection, bacterial culture, or both.

In the study by Feazel et al,[@bib44] *S aureus* was selectively enriched in patients with CRS by means of culture (10/16 patients with CRS vs 0/5 HCs). DNA sequences representative of *S aureus* were detected in a similar percentage of patients with CRS (11/16 \[69%\]) and HCs (3/5 \[60%\]), but a greater abundance (bacterial burden) of *S aureus* sequences was found in patients with CRS. In this study both antibiotic exposure and asthma were associated with reduced microbial diversity and increased *S aureus* abundance.

Role of fungal colonization and fungal biofilm in patients with CRS {#sec2}
===================================================================

Using a special technique of "mucus preservation" (sample collection on saline-moistened nonstick gauze to prevent adsorption of mucus into gauze and prompt transport of samples to the laboratory for staining), Ponikau et al[@bib45] reported that 93% of patients with CRS had detectable fungal hyphae in mucus obtained from diseased sinuses. Virtually all patients with CRS and HCs also had a positive fungal culture of nasal secretions, with a broad array of fungi isolated. The latter finding was confirmed by an independent group of investigators who found a positive fungal stain or culture in 87% of patients with CRS and 91.3% of HCs.[@bib46] Gosepath et al[@bib47] analyzed tissue specimens from patients with CRS using a highly sensitive PCR assay and detected fungal DNA in all 27 patients with CRS with both a universal fungal primer and a primer specific for *Alternaria* species. In contrast, although the universal primer detected fungal DNA in 10 of 15 HCs, none of these subjects had positive results with the *Alternaria* species--specific primer.

Fungal biofilm has also been described in patients with CRS. Healy et al[@bib48] used specific bacterial FISH DNA probes and a panfungal probe to detect biofilm in mucosal samples from 11 patients with EMCRS and AFRS or CRS. Three mucosal samples from control subjects were also collected. Samples were also analyzed by using epifluorescent microscopy. Bacterial biofilm was demonstrated in 9 of 11 samples and 2 of 3 control specimens, and fungal elements were detected in association with bacterial biofilm in the majority of cases.

Foreman et al[@bib49] analyzed 50 patients with CRS and 10 control subjects for the simultaneous presence of bacterial and fungal biofilm by using bacteria-specific FISH probes and a universal probe for fungus. They identified bacterial biofilm in 72% and fungal biofilm in 22% of patients with CRS. In this study there were too few patients to compare the prevalence of fungal biofilm in patients with EMCRS, AFRS, and CRS.

Barrier function in sinus epithelium and its relevance to CRS {#sec3}
=============================================================

Epithelial barrier function is important for maintaining mucosal hydration and preventing penetration of foreign particles, including microbes, into the subepithelial layer. Defective epithelial barrier function has been found to be a key risk factor for development of atopic dermatitis, leading to increased transepidermal water loss and possibly contributing directly to increased susceptibility to *S aureus* skin infection.[@bib50], [@bib51]

Tight junction proteins are essential to normal epithelial barrier function. They are composed of a branching network of sealing strands, with each strand acting independently. The key tight junction proteins are the claudins and the occludins. In the intestine tight junction proteins efficiently restrict most microbes from penetrating into the subepithelial tissue.[@bib52] Acute reversible changes in barrier function have been associated with intestinal viral or bacterial infections, including rotavirus and enteropathogenic *E coli*.[@bib53] Whether primary defects in epithelial barrier function increase susceptibility to inflammatory bowel disease (IBD) is not presently established.[@bib53]

No primary defects in epithelial tight junction proteins have been described in patients with CRS or NPs. Soyka at al[@bib54] found that NPs have decreased transtissue resistance and an irregular, patchy decreased expression of the tight junction proteins occludin and zonula occludens 1. These effects are likely secondary to tissue inflammation because it was shown that *in vitro* culture of HCs or NP epithelial cells in the presence of IL-4 resulted in downregulation of occludin and zonula occludens 1 expression, whereas culturing with IFN-γ caused an upregulation of these proteins.

Unlike tight junctions, less is known of the role of adherens junction proteins and desmosomal proteins in epithelial barrier function. Decreased expression of the epithelial adherens junction protein E-cadherin was described in NPs and linked to other manifestations of epithelial-mesenchymal transition.[@bib55] Decreased expression of the desmosomal junction proteins desmoglein 2 and desmoglein 3 was reported.[@bib56] In the latter study culture of human bronchial epithelial cells with TNF-α or IL-13 downregulated desmoglein 2 expression, suggesting that the defect in desmoglein expression in NPs might be secondary to the underlying inflammatory process.[@bib56]

Mucociliary transport and its relevance to CRS {#sec4}
==============================================

Mucociliary clearance is an essential process in normal sinus function. Impairments in mucociliary clearance lead to mucostasis, bacterial colonization, biofilm formation, and CRS. Genetically engineered mice that lack normal cilia spontaneously have bacterial sinusitis.[@bib57], [@bib58]

The classic example of abnormal ciliary function is primary ciliary dyskinesia (PCD; also known as immotile cilia syndrome). PCD is a rare, usually autosomal recessive disorder characterized by sinopulmonary disease, laterality defects (eg, situs inversus), and male infertility. PCD has traditionally been diagnosed based on ultrastructural defects in cilia, which are identified in about 90% of patients with PCD and involve the outer dynein arms, inner dynein arms, or both.[@bib59] Mutational analyses have discovered that 38% of patients with PCD carry mutations of the dynein genes DNAI1 and DNAH5.[@bib59] Because it is estimated that normal ciliary function involves more than 1000 gene products, additional mutations accounting for the remaining 62% of patients with PCD are likely to be uncovered. Recently, screening of 146 unrelated PCD families identified patients in 6 families with reduced outer dynein arms carrying mutations in CCDC103.[@bib60] The CCDC103 gene product might function as a tightly bound, axoneme-associated protein. A somewhat similar clinical syndrome known as Young syndrome is characterized by obstructive azoospermia with normal sperm structure and function and recurrent sinopulmonary infections.[@bib61] Unlike patients with PCD, no mutations in ciliary structural genes have been identified in patients with Young syndrome, and the problem has been presumed to be caused by an abnormality in mucus.[@bib62]

Several studies have established that CRS is associated with an acquired reduction in mucociliary clearance.[@bib63], [@bib64], [@bib65], [@bib66], [@bib67] Mucociliary clearance typically normalizes after clearance of infection and restoration of normal sinus drainage.[@bib63], [@bib65], [@bib66] This has been confirmed by *in vitro* studies showing that sinonasal mucosal explants from patients with CRS show blunted ciliary beat frequency responses to cholinergic and adrenergic stimulation but normal responses within 36 hours of culturing.[@bib68] Lai et al[@bib69] reported increased expression of the centrosomal protein 110 (Cp110) in inflamed sinus tissue from patients with CRS. Cp110 is known to prevent the terminal step in ciliary maturation. They further showed that Cp110 could be induced *in vitro* by proinflammatory cytokines in cultured sinus epithelial cells with concomitant inhibition of ciliogenesis. In contrast, there is no evidence for a primary defect in mucociliary clearance to account for CRS. To date, genetic association studies of patients with refractory CRS have not uncovered any gene polymorphisms that would suggest a primary defect in mucociliary clearance.[@bib70]

Host defects in the innate immune response associated with CRS {#sec5}
==============================================================

Key antimicrobial proteins and peptides in host innate immunity {#sec5.1}
---------------------------------------------------------------

### Composition of sinus mucosal secretions {#sec5.1.1}

[Fig 1](#fig1){ref-type="fig"} [@bib13], [@bib71], [@bib72], [@bib73], [@bib74], [@bib75], [@bib76], [@bib77], [@bib78], [@bib79], [@bib80], [@bib81], [@bib82], [@bib83], [@bib84] illustrates the general structure of the sinus epithelium, submucosal mixed seromucinous glands, and stroma and summarizes the many proteins and peptides produced by sinus mucosal cells.Fig 1Structure of the sinus epithelium, submucosal mixed seromucinous glands, and stroma and summary of proteins and peptides produced by sinus mucosal cells of potential relevance to innate or adaptive immune responses. Seromucinous glands are stained positively for CXCL1 (GRO-α). Adapted from references 13 and 71 to 83. \*The NGAL protein was observed in the epithelium, infiltrating inflammatory cells, and submucosal gland of NPs but was rarely detected in normal inferior turbinate tissue.[@bib84] MBL-associated serine protease *(MASP)* 1 and 2 and MBL are soluble proteins that can arise in sinus secretions from plasma.

Submucosal seromucinous mixed glands comprise a series of ducts with interconnecting serous and mucous tubules that terminate in acini.[@bib85] Alcian blue can be used to stain acidic mucoglycoproteins within epithelial goblet cells and submucosal glands, whereas serous glands are not stained.[@bib86] Serous glands are reported to be the major site of production of antimicrobial peptides, although many of the antimicrobial peptides illustrated are produced by both surface epithelial cells and submucosal glands. Protease-activated receptor 2 has been demonstrated on submucosal glands, and a heightened glandular secretory response to protease-activated receptor 2 agonists, including house dust mite extract, has been described in patients with CRS.[@bib87]

### Lysozyme {#sec5.1.2}

Lysozyme catalyzes the breakdown of bacterial cell wall peptidoglycan by cleaving β\[1-4\]glycosidic linkages between N-acetylmuramic acid and N-acetylglucosamine (<http://www.ncbi.nlm.nih.gov/gene/4069>). Lysozyme localizes primarily to serous cells of submucosal mixed glands and neutrophils, with weak staining of the mucus cells of submucosal mixed glands and goblet cells.[@bib71], [@bib88] Decreased immunostaining for lysozyme was reported in longstanding cases of CRS[@bib89]; however, more recent studies reported increased rather than decreased immunostaining in patients with CRS.[@bib71], [@bib88], [@bib90] In the study by Woods et al,[@bib90] increased immunoreactivity for lysozyme was found in mucosal biopsy specimens of both patients with CRSsNP and those with CRSwNP, including low-level immunostaining in the epithelium.

### Lactoferrin {#sec5.1.3}

Similar to lysozyme, lactoferrin is detected primarily in serous cells of submucosal glands.[@bib88] Although Zhang et al[@bib88] reported an increase in lactoferrin immunostaining in patients with CRS, Psaltis et al[@bib91] reported a decrease in lactoferrin at both the mRNA and protein levels in patients with CRS and an even further decrease in expression in the presence of bacterial biofilm.[@bib92]

### Secretory leukocyte proteinase inhibitor {#sec5.1.4}

Secretory leukocyte proteinase inhibitor (SLPI) protects epithelial tissues from serine proteases, including trypsin, leukocyte elastase, and cathepsin G (<http://www.ncbi.nlm.nih.gov/gene/6590>). It is a cationic protein with a very high affinity for leukocyte elastase.[@bib93] It also has antibacterial and other immunomodulatory properties and is the third most abundant antimicrobial protein in the upper airways.[@bib94] The antibacterial properties of SLPI are thought to reside in the N-terminal domain of the protein, where its activity could be mediated by its cationic charge.[@bib94] SLPI has antibacterial activity against *P aeruginosa*, *S aureus*, *Staphylococcus epidermidis*, and *Candida albicans*.[@bib94]

The role of SLPI in innate immunity and control of inflammation is complex. Furthermore, it has been shown that the decreased levels of SLPI found in *Pseudomonas* species--infected lungs of patients with cystic fibrosis is due to degradation by neutrophil elastase.[@bib95] SLPI has been recovered from purulent maxillary sinus secretions in patients with maxillary sinusitis,[@bib96] but there have been no studies linking abnormalities of SLPI to CRS.

### Antimicrobial peptides defensins, cathelicidins, DMBT-1, and S-100 proteins {#sec5.1.5}

Defensins and cathelicidins are the main families of antimicrobial peptides present in airway secretions and expressed by the airway epithelium.[@bib97] They represent small (3-5 kDa) cationic peptides that are either produced constitutively or induced by microbial products (including TLR ligands), cytokines, or growth factors.

The α-defensins are produced mainly by neutrophils and intestinal Paneth cells, whereas hBD-1, hBD-2, hBD-3 and hBD-4 are primarily produced by epithelial cells.[@bib97] In epithelial cells hBD-1 production is constitutive, whereas hBD-2, hBD-3, and hBD-4 production is inducible. Negligible expression of hBD-2 and hBD-3 was found in normal nasal mucosa.[@bib98] Reduced expression of hBD-2 was found in epithelial cells isolated from NPs.[@bib3]

In human subjects only 1 cathelicidin (hCAP-18) is expressed. In neutrophils the cathelicidin proform hCAP-18 is proteolytically processed by proteinase 3, resulting in the release of LL-37.[@bib99] In skin serine proteinases control cleavage of hCAP-18 to LL-37.[@bib100] LL-37 was detected in epithelial cells, submucosal glands, and inflammatory cells in nasal tissue explants and induced by culture with fungal allergens from *Aspergillus* and *Alternaria* species.[@bib101], [@bib102] No clear pattern of deficiency in the production of LL-37 in sinus tissue has been demonstrated in patients with CRS.[@bib102]

### Bactericidal/permeability-increasing protein and Plunc family proteins {#sec5.1.6}

A family of proteins, including bactericidal/permeability-increasing protein (BPI) and LPS-binding protein (LBP), has antimicrobial effects against gram-negative bacteria. Both bind to bacterial LPS, causing growth arrest and inhibition of LPS-induced activation of inflammatory responses.[@bib103], [@bib104] Although BPI and LBP are found in airway secretions, there has been little study of their levels in nasal or sinus secretions.

Plunc proteins, members of the palate lung and nasal epithelium clone (PLUNC) family, are structurally related to LBP and BPI. Recent studies suggest physiologically relevant concentrations of PLUNC inhibit *P aeruginosa* biofilm formation *in vitro* without acting directly as a bactericide.[@bib105], [@bib106] This finding suggests that PLUNC protein might have relevance to patients with refractory CRS.

SPLUNC1 and LPLUNC2 were found to be differentially expressed in serous and mucous cells, respectively, of submucosal glands in uncinate tissue. Decreased SPLUNC1 and LPLUNC2 levels were found in NPs relative to those seen in healthy control uncinate tissues, likely reflecting the decreased number of submucosal glands in NPs because their levels correlated with decreased lactoferrin levels.[@bib107] Similarly, Wu et al[@bib108] found PLUNC protein levels to be reduced in NPs and somewhat increased in patients with CRS relative to HCs, which is consistent with other studies showing an increased number of submucosal glands in patients with CRSsNP relative to HCs.[@bib109]

### DMBT1 (gp-340) {#sec5.1.7}

The deleted in malignant brain tumor 1 (DMBT1) gene encodes alternatively spliced proteins referred to as gp-340 (DMBT1^gp340^) and salivary agglutinin (DMBT1^SAG^). The former is secreted in bronchoalveolar lining fluid, whereas the latter is present in saliva, but the 2 molecules are identical. DMBT1 interacts with and agglutinates several gram-negative and gram-positive bacteria, including *Streptococcus mutans*, a bacterium responsible for dental caries. DMBT1 interacts with surfactant protein A (SP-A) and surfactant protein D (SP-D) and a variety of other host proteins involved in innate immunity or wound healing. A precise role for DMBT1 in human disease has yet to be elucidated. DMBT-1 is overexpressed in NPs mainly in submucosal glands.[@bib110]

### Ficolins and collectins (SP-A, SP-D, conglutinin, and mannose-binding lectin) {#sec5.1.8}

Ficolins and collectins ("collagenous lectins") are soluble innate pattern recognition receptors that have an innate function resembling that of antibodies in adaptive immunity.[@bib111] Subunits of ficolins and collectins recognize carbohydrate arrays of their microbial targets through globular trimeric carbohydrate-recognition domains. SP-A, ficolins, and mannose-binding lectin (MBL) also share structural similarity with C1q, and ficolins and MBL (but not SP-A) activate complement. Whether collectins interact with immune cells through receptors is unclear.[@bib111]

There are no studies of ficolin in the upper airway. SP-A expression was reported to be increased in sinus mucosal biopsy specimens in patients with CRSsNP[@bib112] and also present in NPs.[@bib113] However, Woodworth et al[@bib72] found comparable expression of SP- A and SP-D in HCs and patients with CRSwNP. In these studies SP-A and SP-D immunoreactivity was found in epithelial cells and submucosal seromucinous glands. One other study reported reduced immunostaining for SP-D in nasal submucosal glands and a lack of induction of SP-D by *Aspergillus* and *Alternaria* species allergens in cultured nasal explants from patients with nonallergic fungal eosinophilic sinusitis.[@bib114] In contrast, these allergens induced SP-D production in HCs and patients with CRS. Ramanathan et al[@bib3] showed that culturing human sinonasal epithelial cells in the presence of the T~H~2 cytokines IL-4 or IL-13 for 36 hours reduced expression of antimicrobial innate immune genes by using real-time PCR, ELISA, and flow cytometry, including TLR9, hBD-2, and SP-A. In these experiments IL-4 and IL-13 reduced expression of these innate factors in both HCs and patients with CRS. However, given that mucosal SP-A expression is increased in patients with CRSwNP, the significance of *in vitro* suppression of SP-A by IL-4/IL-13 is unclear.

MBL, also referred to as mannose-binding protein, is a calcium-dependent serum protein that binds carbohydrate determinants on the surfaces of a wide range of pathogens (viruses, bacteria, fungi, and protozoa), thereby activating the complement cascade or acting directly as an opsonin.[@bib115] MBL is a member of the collectin family of proteins and has structural similarity to complement component C1. MBL deficiency is associated with an increased incidence of upper respiratory tract infections in children, presumably because their adaptive immune systems are still immature. However, a study of MBL deficiency (defined by expression of an MBL deficiency allele) in 9245 Danish adults found no significant differences in infectious disease prevalence or mortality in MBL-deficient subjects versus control subjects.[@bib116] However, there has been a paucity of studies of MBL levels or genotype in a population of patients with CRS. One study found increased serum levels of both C3 and MBL in patients with CRSsNP and those with CRSwNP.[@bib117]

### Complement components {#sec5.1.9}

The complement component C3 and serum amyloid A protein are produced by sinonasal epithelial cells.[@bib73] Serum amyloid A functions as an acute-phase opsonin against gram-negative bacteria, including *E coli* and *P aeruginosa*, through an outer membrane protein A family member.[@bib118] No differences were found in expression of C3 or serum amyloid A in patients with CRS compared with that seen in HCs.[@bib73] Increased expression of factor B, C3, and C5 mRNA was found in tissues from patients with AFRS and those with CRSwNP compared with that seen in HCs,[@bib119] but the functional significance of this is unclear.

### NO {#sec5.1.10}

NO is constitutively produced at high levels in sinus epithelium by virtue of high constitutive levels of inducible nitric oxide synthase (or NOS2A).[@bib120] The NO concentration in a healthy maxillary sinus (9.1 ± 3.8 ppm) exceeds that necessary for antibacterial effects *in vitro* [@bib121] and is vastly higher than that produced in the nose or lungs (normal exhaled NO value, \<50 ppb). The antimicrobial effects of NO in the sinuses might also relate to stimulation of increased ciliary beat frequency and complex reactivities between NO radical superoxide, metals, and thiols.[@bib122] NO production is also downstream of innate signaling through bitter taste receptors (see below).

Recent experiments have demonstrated an NO-responsive quorum-sensing mechanism in *Vibrio harveyi* [@bib123] and *Shewanella oneidensis* [@bib124] that regulates biofilm formation. In these bacteria NO stimulates biofilm formation by controlling levels of the bacterial cyclic diguanosine monophosphate.[@bib124] Whether a similar mechanism exists in other pathogens remains to be explored, but it has been reported that low NO levels (0.9-2.0 μmol/L) stimulate biofilm formation in *S aureus*.[@bib125]

Innate signaling mechanisms through epithelial cells {#sec5.2}
----------------------------------------------------

Multiple innate pattern recognition receptor pathways are either known or potentially relevant to sinus epithelium, including transmembrane TLRs and intracellular nucleotide-binding oligomerization domain (NOD) receptors,[@bib126], [@bib127] dectin receptors, and bitter taste receptors. [Table E2](#tblE2){ref-type="table"} in this article\'s Online Repository at [www.jacionline.org](http://www.jacionline.org){#intref0040} summarizes the pattern recognition receptors involved in microbial recognition by airway epithelial cells, their microbial ligands, and abnormalities described in patients with CRS. [Fig 2](#fig2){ref-type="fig"} [@bib18], [@bib29], [@bib128] summarizes some of the salient features of host-microbial interactions involved in triggering innate immune responses in patients with CRS.Fig 2Salient features of host-microbial interactions involved in triggering innate immune responses in patients with CRS. TLR signaling pathways induce proinflammatory cytokine and chemokine production. Bitter taste receptor is activated by a quorum-sensing molecule from *P aeruginosa* and stimulates production of NO, which then stimulates mucocociliary clearance and has direct antimicrobial effects. Depiction of the intracellular TLR signaling pathways was adapted from the IAVI Report (<http://www.iavireport.org/Back-Issues/Pages/IAVI-Report-9(4)-TollBridgetoImmunity.aspx>). *Upper right inset (left panel)*, SEM of bacterial biofilm showing characteristic glycocalyx and water channels. The photograph was used with permission from Sanclement et al.[@bib29]*Right panel*, CSLM image (×63 magnification) of a patient with CRS stained with the BacLight LIVE/DEAD kit (Invitrogen, Molecular Probes, Carlsbad, Calif) demonstrating a bacterial biofilm comprised of many intensely fluorescing live bacteria organized in clusters *(large arrow)*. *Small arrows* designate the larger live and dead epithelial cells. Used with permission from Psaltis et al.[@bib18] The bitter taste receptor depicted in the *small middle inset* was adapted from Fenech C, Patrikainen L, Kerr DS, Grall S, Liu Z, Laugerette F, et al. Ric-8A, a Gα protein guanine nucleotide exchange factor potentiates taste receptor signaling. Front Cell Neurosci 2009;3:11.[@bib128]

Microbial recognition through TLR receptors {#sec5.3}
-------------------------------------------

Sinonasal epithelial cells express TLRs 1 through 10.[@bib74], [@bib129] TLR2, TLR3, TLR4, and TLR9 signaling has been demonstrated in sinonasal epithelial cells.[@bib13], [@bib130] TLR ligation in airway epithelial cells results in activation of specific intracellular signaling pathways (reviewed by Bals and Hiemstra[@bib131]), leading to production of (1) innate antimicrobial peptides and (2) cytokines and chemokines that amplify innate responses (eg, neutrophil infiltration) and activate adaptive immune responses. The TLR2 receptor has the greatest diversity of ligands and recognizes a wide array of gram-positive and gram-negative bacteria, as well as fungi, in part because of formation of heterodimers with TLR1 or TLR6.[@bib132] The TLR4 pathway is extremely important in host responses to gram-negative bacterial infection in the airway, and polymorphisms in TLR4 have been associated with more gram-negative bacterial infections in patients in an intensive care unit.[@bib133] The response of human tracheobronchial epithelium to LPS requires the TLR4 "coreceptor" CD14.[@bib134]

Studies of TLR signaling pathways have focused on patients with "refractory" CRS unresponsive to medical management or those with "recalcitrant" NPs. Increased expression of TLR2 was found in patients with recalcitrant CRS.[@bib135] An exaggerated response to TLR3 plus cigarette smoke extract was found in cultured epithelial cells from patients with CRSsNP, with excess production of RANTES and hBD-2.[@bib13] Reduced baseline expression of TLR9 was found in cultured epithelial cells from patients with refractory NPs,[@bib130] and this might be linked to the effects of locally produced T~H~2 cytokines.[@bib3]

Microbial recognition through dectin receptors {#sec5.4}
----------------------------------------------

Dectin-1 is a type II transmembrane protein with a C-type lectin--like carbohydrate recognition domain, a transmembrane region, and a cytoplasmic tail containing an immunoreceptor tyrosinase activation motif.[@bib136] Dectin-1 binds specifically to β-1,3 glucans and induces intracellular signaling. Dectin-1 and TLR2/TLR6 signaling combine to enhance the responses triggered by each receptor.[@bib137], [@bib138] Dectin-1 deficiency has been associated with mucocutaneous candidiasis.[@bib139] Although dectin receptors are regarded as receptors on myeloid cells, Sun et al[@bib140] recently showed that dectin-1 receptors could be induced on airway epithelial cells by *Alternaria* species in a TLR2-dependent manner with induction of TNF-α, GM-CSF, IL-8, hBD-2, and hBD-9. Although fungal colonization and mucosal responses to fungi have received much attention, dectin-1 has not yet been studied in patients with CRS.

Microbial recognition through NOD-like receptors {#sec5.5}
------------------------------------------------

NOD2 is a member of the NOD-like receptor protein family that initiate inflammatory responses when exposed to ligands derived from bacterial components intracellularly.[@bib141], [@bib142] Polymorphisms in NOD2 (CARD15) lead to impaired NOD2 function and increased susceptibility to Crohn disease (CD), a condition marked by excessive inflammatory responses to normal bacterial flora. The ligand for NOD2 is muramyl dipeptide, the "minimal bioactive peptidoglycan motif common to all bacteria."[@bib143] NOD2 ordinarily downregulates responses to TLR stimulation,[@bib141] and it has been suggested that NOD2 polymorphisms in patients with CD result in a decrease in negative regulation of TLR responses and a pathologic increase in responses to normal gut flora. Alternatively, it has been suggested that impaired activation of the NOD2 pathway might facilitate invasion of the intestinal epithelial cells through commensal or pathogenic bacteria.[@bib142]

NOD2 defects in patients with IBD are expressed widely in bodily tissues, raising the question as to whether there is any association between IBD and CRS. One study found a prevalence of chronic "sinonasal disease" of 48% in patients with IBD, with a higher prevalence in patients with CD (53%) versus those with ulcerative colitis (37%) and an even higher prevalence of chronic sinonasal disease in patients with CD with obstructive bowel complications (68% vs 27%), with 23% of these patients reporting CRS.[@bib144] Another study that examined this association found a similar prevalence of CRS in patients with IBD as in the general population, although the proportion of patients with CRS having nasal polyposis was higher among patients with IBD.[@bib145] There are no studies linking genetic polymorphisms in NOD1, NOD2, or NOD pathway genes with CRS.

Microbial recognition through bitter taste receptors {#sec5.6}
----------------------------------------------------

Lee et al[@bib146] recently discovered that one of the bitter taste receptors, T2R38, is activated by a quorum-sensing molecule from *P aeruginosa* associated with biofilm formation. Bitter taste receptors are a family of G protein--coupled receptors that signal by inducing a transient intracellular calcium flux and stimulating ciliary beat frequency. Activation of the receptor induces production of NO and increases ciliary beat frequency in sinus epithelial cells. A common polymorphism (TAS2R38 variant) was discovered that is associated with reduced signaling, NO production, and ciliary beat frequency and increased growth of *P aeruginosa* in air-liquid cultures of human airway epithelial cells. The effect of TAS2R38 on the killing of *P aeruginosa* was shown to be NO dependent. The TAS2R38 genotype correlated with the presence of sinonasal gram-negative infection in patients with CRS, suggesting a mechanistic link between a deficiency in innate signaling and increased bacterial infection.

Adaptive immune antimicrobial signaling mechanisms: IL-17A and IL-22 signaling pathways {#sec5.7}
---------------------------------------------------------------------------------------

IL-17A and IL-22 are "signature" cytokines of T~H~17 cells involved in host defense against extracellular pathogens, including fungi, bacteria, and some parasites.[@bib139] IL-22 is considered an "essential guardian of mucosal immunity against extracellular bacteria in the lung and gut."[@bib147] In intestinal epithelial cells IL-22 stimulates the production of a wide variety of antibacterial proteins, stimulates mucin 1 production under inflammatory conditions, and enhances epithelial regeneration with goblet cell restitution.[@bib148] IL-22 deficiency in mice is associated with a more severe form of gram-negative enteric infection with *Citrobacter rodentium*, with increased intestinal epithelial damage, systemic bacterial burden, and mortality. In this model IL-22 mediates production of Reg family antimicrobial proteins, including RegIIIb and RegIIIc, by colonic epithelial cells. Both T cells, including CD4^+^ cells and innate lymphoid cells, and dendritic cells produce IL-22.[@bib149], [@bib150], [@bib151] A subset of CD4^+^ helper T cells that produce IL-22 but not IL-17 has been identified in human subjects and termed T~H~22 cells.[@bib151]

IL-22 also protects the lungs from gram-negative *Klebsiella pneumonia* infection.[@bib152] In conjunction with IL-17A or IL-17F, IL-22 synergistically induces expression of hBD-2 and S100A9 and additively enhances the expression of S100A7 and S100A8.[@bib153] IL-22--mediated effects on airway epithelial cells require signaling through the IL-22 receptor (IL-22R) and activation of signal transducer and activator of transcription 3.[@bib154] Il-23, produced mainly by phagocytes and dendritic cells,[@bib155] is a crucial upstream regulator of IL-22 and IL-17 production.[@bib152], [@bib156] Although IL-22 and IL-17A act synergistically or additively to promote the expression of genes involved in mucosal defense, T~H~17 and T~H~22 cells likely serve different roles in mucosal immunity and autoimmunity.[@bib147], [@bib154]

IL-17A and IL-22 also have an established role in antifungal immunity at mucosal surfaces,[@bib157] which would suggest that defects in the signaling pathways of these cytokines in the sinus mucosa might be associated with difficulty handling fungal infection. However, this has not been studied.

To date, no definite defect in IL-17A or IL-22 signaling has been identified in patients with CRS. Using a genome-wide association study, Endam et al[@bib158] identified a polymorphism in IL-22R in association with refractory CRS, but no functional studies were performed to explore this relationship. Reduced IL-22R1 expression in sinus mucosal epithelial cells was found in patients with recalcitrant NPs, and a relationship was found between reduced expression of IL-22R1 and a higher rate of recurrence of NPs after sinus surgery.[@bib159]

Role of bacteria or fungi in maladaptive T~H~2 responses in patients with CRS {#sec5.8}
-----------------------------------------------------------------------------

It has long been recognized that CRS is a disease in which the local tissue inflammatory response might be strongly biased toward T~H~2 inflammation despite a lack of systemic evidence for allergic disease. This is particularly true in patients with CRSwNP[@bib160] but also true, to a lesser degree, in patients with CRSsNP.[@bib161], [@bib162], [@bib163], [@bib164] There is evidence that links colonizing microorganisms to this maladaptive T~H~2 "local allergic" response in patients with CRSwNP (schematized in [Fig 3](#fig3){ref-type="fig"} ). This has been shown in cultured airway epithelial cells and dispersed T lymphocytes from NPs.Fig 3Normal host response to microbial infection *(left panel)* versus maladaptive T~H~2 response *(right panel)*. The maladaptive T~H~2 response has been best demonstrated in patients with NPs and pertains to patients with CRSwNP.

Fungi are commonly detected in the attached mucus of sinus tissues in patients with CRS[@bib47], [@bib165] and can induce eosinophil activation and degranulation.[@bib166] Certain fungi, particularly *Alternaria* and *Candida* species, were shown to induce production of IL-5 and IL-13, as well as IFN-γ, in peripheral blood lymphocytes from patients with CRS. It was hypothesized that this maladaptive response would account for an eosinophilic mixed T~H~1/T~H~2 mucosal immune response.[@bib165] Fungal allergens also elicit modest production of IL-5 and IL-13 from dispersed NP T lymphocytes.[@bib167] However, a recent study did not demonstrate consistent IL-5 production in response to *Alternaria* species in patients with CRS from Utah.[@bib168] A small randomized placebo-controlled trial of intranasal amphotericin B reported improvement in radiographic mucosal thickening, nasal endoscopy, and eosinophilic inflammation.[@bib169] However, 2 other randomized placebo-controlled trials with intranasal antifungal treatment did not demonstrate a significant clinical benefit.[@bib170], [@bib171] In addition, antifungal treatment did not alter the cytokine or chemokine production profiles of nasal inflammatory cells.[@bib172]

Mucosal colonization with *S aureus* has been found in 64% of patients with CRSwNP compared with roughly 30% of healthy subjects or patients with CRSsNP.[@bib173] In a study of 13 patients with massive polyposis, 55% of patients were found to have enterotoxin-producing *S aureus* in the nasal mucus adjacent to polyps.[@bib174] It was further shown that T lymphocytes isolated from the polyps showed a skewing of Vβ use with enrichment for Vβ known to respond to staphylococcal superantigens.[@bib174] This finding was later confirmed by another group.[@bib175], [@bib176] IgE antibodies directed against staphylococcal superantigens were found in NP homogenates in 27.8% of patients with NPs and 53.8% of patients with NPs with coexisting asthma.[@bib173] Finally, staphylococcal enterotoxin B (SEB) was found to induce robust production of IL-5 and IL-13 in dispersed NP T lymphocytes.[@bib167] These studies suggest that colonizing *S aureus* might be a major driver of the local T~H~2 inflammatory response in patients with CRSwNP.

Staphylococcal superantigens, such as SEB, have been shown to impair oral tolerance and promote allergy in a murine model of food allergy.[@bib177] SEB has also been shown to augment allergic inflammation in a murine model of eosinophilic CRS, leading to formation of nasal polyposis.[@bib55]

Downregulation of epithelial innate immunity by maladaptive T~H~2 tissue inflammation {#sec5.9}
-------------------------------------------------------------------------------------

Given the strong adaptive T~H~2-type chronic inflammation characteristic of patients with CRSwNP, investigations were undertaken to ascertain whether T~H~2-type inflammation modulated innate immune function. Ramanathan et al[@bib130] first demonstrated that cultured primary nasal epithelial cells (PNECs) from HCs and patients with CRSwNP express surface TLR9 and respond to CpG (a TLR9 agonist) by increasing production of hBD-2 and IL-8. They found that TLR9 expression on PNECs from patients with CRSwNP was reduced by 50% compared to control PNECs. Culturing control PNECs in the presence of the T~H~1 cytokine IFN-γ increased TLR9 expression by 49%, whereas culturing in the presence of the T~H~2 cytokines IL-4 or IL-13 decreased TLR9 expression by 46.6%. Because this group previously reported reduced epithelial expression of IL-22R1 in patients with recalcitrant NPs, it would be interesting to know whether T~H~2 cytokines would induce this effect.

Is there an inappropriate or heightened response to colonizing "commensal" organisms in patients with CRS? {#sec5.10}
----------------------------------------------------------------------------------------------------------

Epithelial surfaces have adapted specialized mechanisms for coping with potential intruders. These not only protect the host from infection but also provide beneficial effects in terms of digestion (in the gut) and immune maturation (gut and respiratory tract). Mechanisms have also evolved to cope with "commensals" in the gut and presumably also in the oral mucosa and nasal epithelium, where bacterial colonization is normal. It has been suggested that CRS might have a proinflammatory response to common colonizing organisms, such as coagulase-negative *Staphylococcus* species.[@bib178] Could it be that the "proinflammatory" state of CRS relates to a lack of tolerance to seemingly innocuous "commensal" organisms? We do not know, but this represents an exciting area for future investigation.

Summary/conclusions {#sec6}
===================

There is limited information indicating that patients with CRS have an increased incidence of rhinovirus infection and some suggestion that they might have an exaggerated response to viral infection, but there is no evidence for persistent viral infection in the majority of cases. It would be instructive to map the time course and innate immune response to experimental rhinovirus infection and ascertain whether patients with CRS have increased susceptibility, increased viral burden, or an inappropriate innate immune response.

A role for bacterial infection or colonization in CRS pathogenesis is well established. Bacteria are cultured and bacterial biofilm is present in the majority of patients undergoing surgical intervention. Diseased sinus tissue also has an increased bacterial burden, most convincingly demonstrated for *S aureus*, and bacterial biofilm with other organisms, including *P aeruginosa*, is often present. The majority of patients with CRS also have fungal hyphae detectable in mucus extracted from diseased sinuses, and fungal biofilm is detectable in some cases, usually in association with bacterial biofilm. The presence of bacterial biofilm, particularly polymicrobial biofilm or biofilm containing *S aureus*, has prognostic value and is associated with more severe sinus disease preoperatively and worse symptom and nasal endoscopy scores after surgery.

Mucociliary clearance is essential for normal sinus function. Active disease is associated with a reduction in mucociliary clearance but normalization of mucociliary clearance after clearance of infection and restoration of normal sinus. There is no evidence for a primary defect in mucociliary clearance to account for CRS, except in the distinct clinical syndrome of PCD.

A defect in local host innate immunity has long been suggested as a pathogenic mechanism of CRS to account for CRS, especially because systemic immune function is normal in the vast majority of cases. Decreased levels of the antimicrobial proteins, most notably lactoferrin, have been found most often in sinus secretions, whereas levels of other antimicrobial proteins and peptides have been reported to be normal.

Multiple innate pattern recognition receptor pathways, notably TLRs and intracellular NOD receptors and bitter taste receptors, are critical in host/microbial interactions in the sinuses. No primary defects have been found in these pathways to account for refractory CRS, although a 50% reduction in the expression of TLR9 has been found in patients with refractory NPs.

A downregulation of epithelial innate immunity by maladaptive T~H~2 tissue inflammation has been demonstrated in patients with recalcitrant CRSwNP. *In vitro* studies have shown that IL-4 and IL-13 decrease TLR9 expression on cultured epithelial cells by nearly 50% and also reduce expression of hBD-2 and SP-A. Colonizing fungi might play a role in maladaptive T~H~2 responses and thereby promote tissue eosinophilia. Colonization with enterotoxin-producing *S aureus* is a driver of the local T~H~2 response in patients with CRSwNP because it induces a local expansion of T lymphocytes and production of enterotoxin-specific IgE antibodies.

To date, an effective means of restoring host-microbial balance and mitigating disease in patients with CRS remains elusive. There are few studies on the effectiveness of medical treatment alone at eradicating bacterial infection and bacterial biofilm in patients with CRS. Clinical trials of antifungal rinses have been generally unsuccessful. Surgical removal of diseased sinus tissue with restoration of sinus ventilation and use of culture-directed antibiotics remain the best approaches to treatment. There is hope that further elucidation of the genetic underpinnings of CRS and the host-microbial interactions present will provide greater insight into disease pathogenesis and more effective treatment.

Role of atypical bacterial infection in patients with CRS {#appsec1}
=========================================================

One study using sensitive molecular techniques (PCR) found no evidence for *Mycoplasma pneumoniae*, *Chlamydia pneumoniae*, or *Legionella pneumophila* in mucosal samples from 11 patients with CRS.[@bibE1] Recent studies used pyrosequencing to potentially overcome issues of detection of nonculturable bacteria in mucosal samples from patients with CRS; did not detect *Mycoplasma*, *Ureaplasma*, and *Chlamydia* species; and found *Legionella*, *Mycobacterium*, and *Nocardia* species in only rare cases.[@bibE2], [@bibE3]

Tichenor et al[@bibE4] identified 8 patients with CRS with refractory symptoms who had positive cultures for atypical mycobacteria over a 10-year period. *Mycobacterium avium* molecular fingerprints clonally related to the patients\' isolates were also identified in the plumbing of 3 of 8 households sampled, suggesting that at least in these 3 cases, indoor plumbing and sinus irrigations might have been responsible for the infection.

Solyar et al[@bibE5] reported on a series of 37 patients with refractory CRS who had a positive mycobacterial culture over a 7-year period. The most frequent isolates were *Mycobacterium abscessus* (57.1%), *Mycobacterium avium-intracellulare* complex (14.3%), and *Mycobacterium chelonae* (14.3%). It was reported that 5.3% of outpatient-acquired and 2.6% of inpatient-acquired cultures were positive for atypical mycobacteria. Some evidence of improvement in CRS was noted after treatment with antimycobacterial antibiotics. These studies suggest that atypical mycobacterial infection is rare in patients with CRS but should be sought in patients with refractory CRS.

Techniques for bacterial biofilm detection in patients with CRS {#appsec2}
===============================================================

See [Table E2](#tblE2){ref-type="table"} for a summary of studies of bacterial or fungal biofilm in patients with CRS.

SEM and TEM have the advantage of high magnification and are the only techniques that provide ultrastructural confirmation of biofilm presence. Technical artifacts can arise because of sample dehydration and surface distortion. Disadvantages of SEM include small sample size, potentially introducing sampling artifacts. CSLM has the advantage that specimens can be imaged without fixation or dehydration, and specific bacteria or fungi can be stained with fluorescent markers. The FISH assay uses either universal bacterial probes, such as EUB338,[@bibE6] or species-specific primers based on unique sequences in the 16S ribosomal RNA gene. The LIVE/DEAD BacLight Bacterial Viability Kit (Invitrogen, Carlsbad, Calif) uses 2 nucleic acid stains: green-fluorescent SYTO 9 stain, which labels both live and dead bacteria, and red-fluorescent propidium iodide, which penetrates only bacteria or cells with damaged membranes. CSLM is used to confirm the presence of biofilm on the mucosal surface. No bacteria-specific probes are used.

A direct comparison of techniques in a sheep model of rhinosinusitis concluded that CSLM is more objective for documenting biofilm presence than SEM or TEM because of the inherent flaws, sampling error, and subjectivity involved in SEM and TEM.[@bibE7] Another study determined that the BacLight method was more specific than CSLM/FISH for biofilm detection in sinus tissues.[@bibE8], [@bibE9] Hochstim et al[@bibE6] reported that bacterial biofilm can be detected by using routine hematoxylin-eosin staining, with good agreement with FISH/CSLM as the control standard. However, this technique is suspect because of its reliance on identification of small basophilic bacterial clusters on the epithelial surface. A concern is whether any of the techniques other than SEM or TEM are sufficiently rigorous to define biofilm because they do not provide ultrastructural confirmation of the presence of biofilm.

Biofilm-forming capacity *in vitro* {#appsec3}
===================================

The Calgary Biofilm Assay is an *in vitro* test used to assess the ability of a bacterial isolate to form biofilm. The bacteria are cultured on a 96-well plate with round pegs positioned over the plate. A semiquantitative analysis using uptake of crystal violet in the biofilm has been developed.[@bibE10] The LIVE/DEAD BacLight Bacterial Viability Kit (see above) can also be used to assess biofilm formation *in vitro* on 98-well chamber slides.[@bibE11] Prince et al[@bibE12] used the Calgary Biofilm Detection Assay to examine in 159 patients with CRS with mucopurulence and found that 28.6% of patients had biofilm-forming capacity. Polymicrobial cultures, *P aeruginosa*, and/or *S aureus* comprised 71% of samples. Postsurgical cases had a higher prevalence of biofilm-forming capacity than surgery-naive patients (30.7% vs 15%).Table E1Summary of studies of bacterial or fungal biofilm in patients with CRSStudyMethod of biofilm detectionSpecific bacterial species identifiedPatients with CRS (no. positive/total studied)Healthy subjects (no. positive/total studied)Cryer et al, 2004[@bibE13]SEMNo specific probes used4/16---Ferguson and Stolz, 2005[@bibE14]TEM*Pseudomonas aeruginosa*2/4---Sanclement et al, 2005[@bibE15]SEM/TEMNo specific probes used24/300/4Sanderson et al, 2006[@bibE16]FISH/CSLM*Streptococcus pneumoniae*, *Staphylococcus aureus*, *Haemophilus influenzae*, and *Pseudomonas aeruginosa*14/182/5Psaltis et al, 2007[@bibE17]CSLM17/380/9Foreman et al, 2009[@bibE18]FISH/CSLM*Staphylococcus aureus*\
*Haemophilus influenzae*\
*Pseudomonas aeruginosa*\
Universal fungal probe36/50 (11/50 positive for fungi)0/10Hekiert et al, 2009[@bibE19]SEMNo specific probes used17/60---Galli et al, 2008[@bibE20]SEM*Haemophilus influenzae*10/240/20Singhal et al, 2010[@bibE21]FISH/CSLMNo specific probes used36/51---Zernotti et al, 2010[@bibE22]CSLM (*in vivo*)No specific probes used2/12 patients with CRS/NP0/10Foreman et al, 2010[@bibE9]LIVE/DEAD BacLight Bacterial Viability Kit using CSLM compared with FISH/CSLMNo specific probes used15/20 Positive for biofilm with each technique but 18/20 positive by ≥1 techniqueHochstim et al, 2010[@bibE6]Hematoxylin and eosin staining plus FISH/CSLM with bacteria-specific probe EUB338No specific probes used Universal bacteria-specific probe EUB338[∗](#tblE1fnlowast){ref-type="table-fn"}15/241/10[^1] Table E2Pattern recognition receptors involved in microbial recognition by airway epithelial cells, their microbial ligands, and abnormalities described in patients with CRS[†](#tblE2fndagger){ref-type="table-fn"}, [∗](#tblE2fnlowast){ref-type="table-fn"}ReceptorLigandRelevant pathogensKey innate signaling events in airway epithelial cellsAbnormalities described in patients with CRSTLR2Peptidoglycan, lipoteichoic acid, and lipoprotein from gram-positive bacteria, lipoarabinomannan from mycobacteria, and zymosan from yeast cell wallGram-positive and gram-negative bacteria; fungi (*Candida* species and *Aspergillus fumigatus*)Increased production of hBD-2 and IL-8Increased expression of TLR2 in patients with recalcitrant CRS[@bibE23]TLR3Viral double-stranded RNA (dsRNA); polyinosine-polycytidylic acid (poly\[I:C\]) is a synthetic analog of dsRNA.Rhinovirus, other virusesIncreased type I and type III interferon levels; chemokines (IL-8, GRO-α, RANTES, CXCL10); hBD-2, hBD-3Exaggerated response to TLR3 plus cigarette smoke extract with excess production of RANTES and hBD-2[@bibE24]TLR4 (including CD14 and MD2 on cell surface)LPS (facilitated by LPS-binding protein)[@bibE25]Gram-negative bacteria; *Candida* species and *Aspergillus fumigatus*[@bibE26]NF-κB and activation of proinflammatory cytokine genes, including IL-8 and hBD-2Reduced level of expression of TLR4, TLR7, and MyD88 in patients with CRSsNP compared with control subjects[@bibE27]TLR7/8Single-stranded RNAs (natural ligands); small synthetic molecules: imidazoquinolines and nucleoside analogsVirusesNF-κB and activation of proinflammatory cytokine genesReduced level of expression of TLR4, TLR7, and MyD88 in patients with CRSsNP compared with control subjects[@bibE27]TLR9Specific unmethylated CpG oligonucleotide (ODN) sequences (CpG DNA)[‡](#tblE2fnddagger){ref-type="table-fn"}BacteriaProduction of IL-8[@bibE28]Decreased baseline expression of TLR9 in patients with CRSwNP; decreased TLR9 in cultured AECs in response to IL-4 and IL-13[@bibE29]Dectin receptorsβ-Glucans from fungi*Aspergillus fumigatus*Production of TNF-α, GM-CSF, IL-8, hBD-2, and hBD-9NoneBitter taste receptorsFunctional responses to pathogen-derived quorum-sensing molecules*Pseudomonas aeruginosa*NO production, stimulation of mucociliary clearance and direct antibacterial effectsTAS2R38 genotype correlated with *Pseudomonas aeruginosa* infection in patients with CRS[@bibE30]NOD1 (intracellular receptor)iE-DAP\
D-Lactyl-l-Ala-g-Glu-meso-DAP-Gly\
Heptanolyl-g-Glu-meso-DAP-Ala\
GM-tripeptideRecognition of bacterial/viral PAMPsNF-κB and activation of proinflammatory cytokine genesNoneNOD2 (intracellular receptor)Muramyl dipeptide (MDP), a component of peptidoglycan\
MurNAc-I-Ala-g-d-Glu-I-LysRecognition of bacterial/viral PAMPsNF-κB and activation of proinflammatory cytokine genesNone[^2][^3][^4][^5][^6]
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[^1]: EUB338 is a "universal" bacterial probe used in FISH.

[^2]: TLR ligand information source: <http://www.invivogen.com/tlr2-ligands>.

[^3]: *AEC*, Airway epithelial cells; *MyD88*, myeloid differentiation pathway response gene (88); *NF-κB*, nuclear factor κB; *PAMP*, peptidoglycan recognition protein.

[^4]: TLR1, TLR5, TLR6, and TLR10 are not included because there are no reports of abnormalities in these TLRs associated with CRS.

[^5]: Adapted from Bals and Heimstra,[@bibE31] Ooi et al,[@bibE32] and Roeder et al.[@bibE26]

[^6]: Bacterial DNA containing unmethylated CpG dinucleotides.
